Abstract. Etoposide (VP-16) is a topoisomerase-II (topo II) inhibitor chemotherapeutic agent. Studies have shown that a combination of VP-16 with other drugs demonstrates better clinical responses. The aim of this study was to investigate the effects of moxifloxacin (MXF) and VP-16 on cellular topo II activity in drug-treated cells and evaluate the influence of MXF on the mode of action of VP-16, on proliferation and apoptosis of HT-29 cells. Decatenation assay, band depletion and Western blot analysis, cytotoxic assay (MTT), flow cytometric studies (cell cycle and survivin expression), apoptosis (DAPI-sulforhodamine staining and caspase 3 activity) and IL-8 and VEGF secretion were determined. MXF or VP-16 slightly affected cellular topo II activity in nuclear extracts derived from drug-treated cells while the combination enhanced inhibitory activity and the reduction in band depletion of topo II. VP-16 induced cell cycle arrest at G 2 /M and the appearance of the subG 1 peak which was increased by the addition of MXF. Apoptosis studies (DAPI staining and caspase 3 activity) showed a marked increase in the presence of MXF and VP-16 compared to VP-16 alone. VP-16 induced the release of IL-8, and addition of MXF reduced enhanced release and the spontaneous release of VEGF from the cells. In conclusion, the results suggest that the enhancement in the reduction of topo II activity by the combined MXF/VP-16 treatments was probably due to the increase in the level of the DNA-enzyme cleavable complexes formed by both drugs. The unique combination of MXF/VP-16 may have clinical benefits and a cytotoxic drug 'sparing effect' and should be further studied in vivo.
Introduction
Colorectal carcinoma is the most common gastrointestinal neoplasm and the second cause of death from cancer in the Western world (1) . Despite recent advances in neoadjuvant therapeutic modalities, treatment success is limited in advanced stages of colorectal carcinoma. Additional modalities are needed to cope with this challenge, and biological response modifiers may represent such novel pharmacological options (2) .
Etoposide (VP-16) is one of the most widely used anticancer drugs. It belongs to the family of DNA-topoisomerase II (topo II) inhibitors. Topoisomerases form transient covalent adducts (cleavage complexes) with DNA. Etoposides stabilize the transient 'cleavable complexes' formed between topo II and DNA in the process of untangling the DNA helix and thus introduce double-strand breaks (DSBs) in the DNA (3, 4) . Unrepaired DNA DSBs cause cell death by apoptotic process. VP-16 is used today as the frontline therapy for a variety of human malignancies, including leukemias, lymphomas and several solid tumors (5, 6) . Previous studies have shown that VP-16 is ineffective as a single agent in colorectal carcinoma (7) , but a combination of VP-16 and mitomycin C demonstrated activity in advanced colorectal cancer (1) and in upper-gastrointestinal tumors (8) , metastatic breast cancers (9) and metastatic carcinomas of unknown primary (10) . Clinical studies in colorectal carcinoma using VP-16 in combination with other agents, mainly cisplatin, showed partial clinical responses (11, 12) .
It was recently shown that the fluoroquinolone ciprofloxacin, a commonly used broad-spectrum antibiotic with an excellent safety profile, induced apoptosis and inhibited proliferation of human colorectal carcinoma cells (13) and colon cancer cell lines (14) and induced the growth inhibition and apoptosis of osteosarcoma cells (15) . Fluoroquinolones are highly effective antibiotics with a broad antibacterial spectrum (16) . At high concentrations, some fluoroquinolones exhibit genotoxic effects in eukaryotic systems as a result of topoisomerase II inhibition (17) . Quinolone-induced inactivation of topo II· at high concentrations was proposed to involve the direct binding of quinolones to DNA, and their mode of inhibition was shown to be distinct from the inhibitory mechanism of agents such as VP-16 (18) . We showed previously that the fluoroquionolone moxifloxacin (MXF) inhibited purified human topoisomerase II, acted synergistically with VP-16 at the purified enzyme level and enhanced its anti-proliferative effects in THP-1 and Jurkat cells (19) .
In the present study we further investigated the effects of MXF alone and in combination with VP-16 on the cellular topo II activity. In order to investigate the mechanism by which MXF affects VP-16 cytotoxicity, we determined the formation of the cellular covalent topo-DNA complexes in drug-treated cells (MXF and VP16 administered alone or in combination). Moreover, we expanded our studies to investigate the effects of MXF and VP-16 on various parameters of cell proliferation, cell cycle progression, apoptosis and signal transduction pathways in the HT-29 human colon adenocarcinoma cell line. In addition, we investigated the effect of MXF on VP-16-induced release of pro-angiogenic cytokines including IL-8 and VEGF in these cells.
Materials and methods
Cell culture. The human colon adenocarcinoma cell line, HT-29, was obtained from the American Type Culture Collection (ATCC, USA) and cultured in DMEM/F-12 medium supplemented with 10% heat inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 100 units/ml penicillin and 100 μg/ml streptomycin at 37˚C (complete medium) in a humidified incubator with 5% CO 2 . The cells were maintained in log phase by seeding twice a week at a density of 5x10 4 /ml, and the experiments were performed 1 day after trypsinization.
Preparation of nuclear extracts. Nuclear extracts from HT-29 colon cancer cells were prepared as described previously (20) . HT-29 cells were washed twice with cold PBS, scrubbed and collected into tubes. The cells were resuspended in hypotonic buffer A [10 mM Tris-HCl (pH 7.4), 10 mM NaCl, 1 mM EDTA and a mixture of protease inhibitors: 2 μg/ml aprotinin, 2 μg/ml leupeptin, 1 μg/ml pepstatin A, 2 μg/ml antipain and 100 μg/ml PMSF-phenylmethylsulfonyl fluoride] and incubated in ice for 15 min. Cell lysis was performed by passing the solution 15 times through a 21G needle followed by centrifugation at 13,000 rpm at 4˚C for 10 min. The supernatant was collected as the cytosolic fraction, and the pellet containing intact nuclei was resuspended with buffer B [10 mM Tris-HCl (pH 7.4), 10 mM NaCl and 1.5 mM MgCl 2 and protease inhibitors], and 1 M (final concentration) of NaCl was added for a 30-min incubation on ice. The samples were centrifuged (13,000 rpm, 4˚C, 20 min), and the supernatant was collected as the nuclear extract. Total protein concentration was determined using the Bio-Rad protein assay kit (Bio-Rad Laboratories, CA, USA).
To determine the effect of MXF on topo II activity in the cells, HT-29 cells were incubated in the presence of 40 μg/ml MXF or 35-50 μg/ml VP-16 for 3 and 1h, respectively, and the decatenation assay was performed.
Decatenation assay. The method was previously described (21) . The assay is based on decatenation of kinetoplast DNA (kDNA), and since this assay is specific for topo II enzyme, it can be carried out with crude nuclear extracts. kDNA is a large network of plasmids originating from the trypanosome Crithidia fasiculata. Due to its structure, when kDNA is analyzed by gel electrophoresis, it penetrates only slightly into the agarose gel. Upon decatenation by topo II mini circles monomers of DNA are formed. Nuclear proteins (1.2 μg) were added to a specific topo II reaction mixture containing a final volume of 25 μl: 50 mM Tris-HCl (pH 8.0), 120 mM KCl, 10 mM MgCl 2 , 0.5 mM DTT, 0.5 mM EDTA, 25 μg/ml BSA, 1 mM ATP and 80 ng kDNA (TopoGEN, Port Orange, FL, USA).
The reaction products were analyzed by electrophoresis on 1% agarose gel using a Tris-borate/EDTA buffer (89 mM boric acid and 62 mM EDTA) at 1 V/cm, stained with ethidium bromide (1 μg/ml) and photographed using a short-wavelength UV lamp (ChemiImager 5500; Alpha Innotech, San Leandro, CA), as previously described by us (19) .
Band depletion and Western blot analysis.
Topoisomerases form transient covalent adducts (cleavage complexes) with DNA in intact cells during the DNA relaxation process. Treatment of cells with etoposide stabilizes these cDNAenzyme cleavage complexes. As a consequence, when samples from the drug-treated cells are rapidly denatured and analyzed on SDS polyacrylamide gel electrophoresis, only a few topoisomerase molecules are free to migrate to their actual molecular weight size. The covalent-topoisomerase-DNA complexes are large in size and exhibit a lower mobility after denaturation. Therefore, Western blot analysis using antitopoisomerase antibody demonstrates a significant decrease in the band of topoisomerase; this is the basis for the band depletion assay. The band depletion assay was conducted as described by Kaufmann and Svingen (22) . Briefly, HT-29 cells were seeded at a concentration of 1x10 6 /ml and incubated with 40 μg/ml MXF alone, 8-24 μg/ml VP-16 alone (for 3 and 1 h, respectively) or in combination of the two drugs. The cells were lysed in denaturing agent [62.5 mM Tris-HCl (pH 6.8), 1 mM EDTA and 2% SDS] and sonicated (40 bursts, 2 sec each). The lysates were mixed with 4X SDS loading buffer [200 mM Tris-HCl (pH 6.8), 8% SDS, 0.4% bromophenol blue, 40% glycerol, 20% ß-mercaptoethanol] and separated on 10% SDS-PAGE gels for Western analysis.
After electrophoresis and electrophoretic transfer of proteins to nitrocellulose membranes (Schleicher and Shuell, Dassel, Germany), the membranes were blocked with 6% non-fat milk in PBS (pH 7.4) for 1 h. Membranes were then rinsed three times in PBST and incubated overnight at 4˚C with goat polyclonal anti-topo II-· (1:2500) (Santa Cruz Biotechnology, Santa Cruz CA, USA). Actin levels were assessed as loading control. The blots were then incubated with a secondary antibody, horseradish peroxidase-linked anti-goat IgG (Santa Cruz Biotechnology) for 1 h at room temperature, washed three times in PBST and incubated in enhanced chemiluminescence reagent (ECL, Amersham Pharmacia Biotech). Relative density values of topo II-· were determined by densitometric analysis followed by photographing the specific bands (Kodak XLS-1 film).
Cytotoxicity assay. HT-29 cells, cultured as described above, were seeded on 96-well plates at a concentration of 5x10 4 cells/0.1 ml/well in triplicates. Various concentrations of MXF, VP-16 and their combination were added. The cells were incubated for 48-72 h at 37˚C in a 5% CO 2 atmosphere. For the last 3 h of incubation, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium) (5 mg/ml) in phosphatebuffered saline (PBS) was added to each well. The cells were incubated at 37˚C for 3 h, and 0.04 M HCl was added to dissolve the formazan crystals. The absorbance was then measured at 560 nm with a spectrophotometer (ELISA Reader Molecular Devices Corp., Sunnyvale, CA).
Flow cytometric cell analysis (cell cycle and survivin expression).
Cell cycle distribution was analyzed by flow cytometry as described previously (23) . Briefly, cells were incubated for 48 h with 0.1-5 μg/ml of VP-16 in the presence or absence of MXF. Following incubation, cells were trypsinized, washed with PBS fixed with 70% cold ethanol and stained with propidium iodide (PI). The stained cells were analyzed using the FACScan laser flow cytometer (Becton Dickinson, Franklin Lakes, NJ). Intracellular levels of survivin were determined using an anti-human survivin-fluorescein monoclonal antibody, according to the manufacturer's instructions (R&D Systems Inc., Minneapolis, MN). Briefly, HT-29 cells were serum starved for 24 h (24) then preincubated with 20 μg/ml MXF for 24 h after which time 0.1-9 μg/ml VP-16 was added for an additional 24 h. Cells were collected and fixed in 4% cold paraformaldehyde for 10 min. Cells were washed twice in PBS and resuspended in SAP buffer [0.1% (w/v) saponin, 0.05% (w/v) NaN 3 in Hank's balanced salt solution (HBSS)]. Following centrifugation at 200 x g for 7 min, the supernatant was decanted, ensuring that ~200 μl of the SAP buffer remained in the tubes. The pellet was gently resuspended, and 10 μl of the conjugated antibody was added to each sample. After 45 min of incubation in the dark, the cells were washed twice in SAP buffer and resuspended in PBS for final flow cytometric analysis. Raw flow cytometric data were analyzed by WinMDI software.
DAPI-sulforhodamine staining. Cells were evaluated for apoptosis by studying their morphology after staining with 4',6-diamidino-2-phenylindole (DAPI)-sulforhodamine, which highlights cellular DNA. Cells were incubated for 48 h with the indicated concentrations of VP-16 and MXF as described above. Approximately 30,000 freshly harvested cells were distributed on glass slides and fixed by immersion in 4% paraformaldehyde for 10 min. Upon drying, the slides were treated with PBS and stained with 10 μl of Vectashield mounting medium with DAPI (1.5 μg/ml) (Vector Laboratories, Burlingame CA). The cells were examined by fluorescence microscopy. The morphological criteria of apoptosis included: a) cytoplasmic and nuclear shrinkage; b) chromatin condensation; and c) cytoplasmic blebbing with maintenance of the integrity of the cell membrane (25) .
Fluorogenic assay for caspase 3 activity. Caspase 3 was measured as previously described by us (26) . HT-29 cells were incubated for 48 h with 5 and 10 μg/ml VP-16 or 10-20 μg/ml MXF, or combination of both drugs. Following incubation, the cells were collected, washed, resuspended in 50 mM HEPES, (pH 7.4), 0.1% CHAPS, 5 mM DTT and 0.1 mM EDTA, incubated for 15 min on ice and lysed by three successive freeze-thaw cycles in dry ice/37˚C. Cell lysates were centrifuged at 14,000 rpm for 15 min, and the supernatants were stored at -70˚C. The protein concentration of each sample was estimated using the Bradford Bio-Rad protein assay. For caspase 3 activity a total of 25 μg protein was incubated with 30 μM ac-DEVD-AMC (BioMol Research Laboratories, Plymouth Meeting, PA) at 37˚C for 60 min in the dark. The release of 7-amino-4-methylcoumarine was monitored by a spectrofluorometer using an excitation wavelength of 360 nm and an emission wavelength of 460 nm. In some experiments, a caspase 3 inhibitor (Z-DEVD-FMK, Calbiochem, Nottingham, UK) was added directly to the medium 30 min prior to the addition of 20 μg/ ml VP-16.
IL-8 and VEGF secretion.
In order to increase constitutive VEGF and IL-8 secretion of HT-29 cells, all of the experiments were carried out in a serum-deprived condition by excluding FBS from the standard culture medium (27) . The supernatants of the cells grown in serum-deprived medium served for the determination of VEGF and IL-8. VP-16 and MXF were added at the start of the experiments. The concentration of IL-8 and VEGF in the medium of control and drugtreated cells was measured using a commercially available sandwich enzyme-linked immunoassay (ELISA) kit according to the manufacturer's instructions (R&D Systems Inc.). Briefly, cells were placed in 24-well culture plates at a concentration of lx10 6 cells/ml and treated with different concentrations of MXF or VP-16 administered as a single drug or in combination, in serum-free conditioned medium. After 48 h, the cell-free supernatants were recovered, and the concentrations of IL-8 and VEGF were determined using ELISA. The sensitivity of the assay for IL-8 is >10 pg/ml and for VEGF >31.2 pg/ml. Statistical analysis. Statistical significance was determined by the paired t-test. A p-value of <0.05 was considered significant.
Results

Inhibition of topo II activity in MXF-and VP-16-treated cells.
Our previous results suggest that the addition of MXF to VP-16 enhances inhibition of decatenation activity of topo II when purified topo I (28) or nuclear extract derived topo I (data not shown) are used. To investigate the ability of these compounds to affect the activity of topo II within the cell, we first treated the cells for 3 h with 40 μg/ml MXF, or for 1 h with 35-50 μg/ml VP-16. Nuclear extracts were prepared, and 1.2 μg of nuclear proteins was added to a topo II reaction mixture. Incubation of the cells with 35 or 50 μg/ml VP-16 alone, resulted in 40±8% and 45±5% reduction in the decatenation activity of topo II, respectively (Fig. 1A, lanes 4 and 6 compared to lane 2 and Fig. 1B ). The addition of 40 μg/ml MXF alone only slightly affected topo II activity (16±2% inhibition) (Fig. 1, lane 3 compared to lane 2) . In contrast, up to 76±17% and 70±21% inhibition of topo II activity was observed in cells incubated with 35 
Effect of MXF and VP-16 on topo II cleavage activity.
To determine the effect of MXF and VP-16 on the amount of drug-stabilized cleavable complex formation, the band depletion assay (as described in Materials and methods) was used. Band depletion assays allow detection of topo II complexes with DNA. The topo II enzymes that are covalently bound to DNA (cleavable complexes) are prohibited from entering the acrylamide gel resulting in a band depletion, whereas topo II enzymes not bound to DNA readily enter the gel. A slight band depletion was observed following exposure of the cells to MXF alone. VP-16 is a potent anti-topo II drug and at high concentrations causes a high reduction in the topo II band which effaces the effect of MXF. Therefore, lower doses of VP-16 were used for the band depletion assay. Exposure to 8 μg/ml VP-16 alone resulted in 27±1% (p<0.01) depletion of the topo II band, whereas in cells exposed to a combination of the two drugs, a 45±7% reduction was observed (p<0.03), suggesting an increase in cleavable complex formation ( Fig. 2A and B) . Exposure of the cells to 15 μg/ml VP-16 resulted in 48±8% depletion of topo II (p<0.04) whereas no further depletion of topo II was observed when the cells were exposed to the combination of the two drugs (data not shown). 5 and 7) . Nuclear extracts were prepared, 1.2 μg nuclear proteins was added to the topo II reaction mixture, and decatenation of topo II activity was determined. The reaction products were analyzed by agarose gel electrophoresis. NP, nuclear protein. investigated the effect of the combination of MXF with VP-16 on cell proliferation. In the first experiment we performed time-dependent studies on the effect of various concentrations of VP-16 (1-10 μg/ml) on cell proliferation. Fig. 4 indicates that the decrease in cell proliferation was dose-and time-dependent (Fig. 3A) . Maximal inhibition (up to 72±7%) was observed following incubation of the cells for 72 h with 10 μg/ml VP-16. The additional experiments combining MXF with VP-16 were performed with cell incubation for 72 h. Fig. 3B shows that MXF given alone at concentrations of 20 μg/ml inhibited cell proliferation only slightly (11±0.02%). In contrast, the combination of VP-16 with MXF induced a marked decrease in cell proliferation. Exposure of the cells to a combination of 5 μg/ml VP-16 and 20 μg/ml MXF, resulted in a decrease up to 66±6% compared to 46±4% inhibition of proliferation induced by 5 μg/ml VP-16 administered alone (p<0.001) and was similar to the inhibitory effect induced by 10 μg/ml VP-16 administered alone (72±7% inhibition).
Cell cycle arrest. We evaluated whether VP-16 and MXF affect the cell cycle profile. The cells were treated with various concentrations of VP-16 in the presence or absence of MXF for 48 h and were subjected to flow cytometric analysis after DNA staining. Histograms of flow cytometric data are shown in Fig. 4A . VP-16 induced a dose-dependent cell cycle arrest at G 2 M (up to a concentration of 2.5 μg/ml), and the appearance of a sub-G 1 peak (Fig. 4A and B) , which is typical of apoptotic cells. The cell fraction in the sub-G 1 peak increased in the presence of increasing concentrations of VP-16, and reached a maximum of 26.3% in the presence of 5 μg/ml VP-16 (Fig. 4A) . Fig. 4A and B indicate that MXF administered alone at a concentration of 20 μg/ml did not affect the cell cycle. In contrast, a 4-fold increase in the fraction of sub-G 1 cells was observed in the presence of MXF and a very low dose of VP-16 (0.1 μg/ml) and was similar to the effect of 0.5 μg/ml VP-16 given alone, indicating that MXF markedly enhances the cytotoxic activity of VP-16. MXF enhanced G 2 M arrest induced by 0.1-0.5 μg/ml VP-16 while at higher concentrations a decrease in G 2 M was observed in the presence of VP-16 and MXF as compared to VP-16 administered alone (Fig. 4A and B) .
Effect of MXF and VP-16 on survivin expression.
Survivin is a recently discovered member of the inhibitors of apoptosis (IAP) family that plays a dual role in suppressing apoptosis and regulating cell division (29) . Survivin is regulated in a highly cell cycle-dependent manner, with a marked increase in the G 2 M phase (30) .
We investigated the effect of MXF and VP-16 on survivin expression within the cells by flow cytometry, using a specific antibody, as described in Materials and methods. HT-29 cells were pre-incubated with 20 μg/ml MXF for 24 h, and then VP-16 at different concentrations (0.1-9 μg/ml) was added for an additional 24 h. In agreement with other studies that demonstrated that VP-16 upregulates survivin expression (31), we showed that exposure of HT-29 cells to various concentrations of VP-16 resulted in a 5-to 20-fold increase in survivin expression (Fig. 5A and B) . MXF administered alone did not affect survivin expression. The addition of 20 μg/ml MXF to 1.5-9 μg/ml VP-16 inhibited survivin expression by 32-22%, respectively (Fig. 5B) .
Effect of MXF and VP-16 on morphological changes in HT-29 cells.
Fluorescence microscopy of DAPI-stained nuclei was employed to visualize chromatin condensation. Incubation of cells for 48 h with VP-16 alone resulted in numerous cells that had smaller nuclei with chromatin condensation and increased fluorescence intensity (Fig. 6A ). The addition of MXF to VP-16 resulted in an increased concentration of cells with condensed and apoptotic nuclei compared to the effect noted with VP-16 alone (Fig. 6A ). After treatment with 5 or 10 μg/ml VP-16, the apoptotic rate was increased from 1±0.5% in control cultures to 15.5±0.6% and 19.7±2.2%, respectively. A further significant increase in the apoptotic rate was observed upon incubation of the cells with 5 or 10 μg/ml VP-16 and 20 μg/ml MXF (up to 22.2±1.7% and 26±2.6%, respectively; p<0.05) (Fig. 6B) .
Caspase 3 activation. DEVD-AMC is a specific substrate for caspase 3 which mimics the PARP cleavage site. To test caspase 3 activation, cell lysates from HT-29 cells that were treated with VP-16 in the presence or absence of 10-20 μg/ml MXF for 48 h were incubated with the substrate, and the increase in fluorescence due to enzymatic cleavage of the peptides was measured with a fluorometer. As shown in Fig. 7 , treatment with 5 or 10 μg/ml VP-16 significantly increased caspase 3 activation (p<0.02 and <0.03, respectively). The addition of 20 μg/ml MXF further enhanced this increase by 1.8-fold in the presence of 5 μg/ml VP-16 (p<0.03) and by 1.7-fold in the presence of 10 μg/ml VP-16 (p<0.04). To confirm that the caspase activity observed was specific to caspase 3, we used a caspase 3-specific inhibitor, Z-DEVD-FMK. Treatment of cells with the inhibitor prior to the addition of 20 μg/ml VP-16 reduced the degree of caspase 3 activation (insert in Fig. 7) .
Effect of MXF on the secretion of pro-angiogenic factors induced by VP-16.
We investigated the effect of MXF on the secretion of IL-8 and VEGF by HT-29 cells. Fig. 8A shows that MXF at concentrations of 10 and 20 μg/ml significantly decreased spontaneous release of IL-8 (p<0.05). Incubation of the cells for 48 h with 5 or 10 μg/ml VP-16 alone resulted in a dose-dependent increase in IL-8 release. Addition of MXF at a concentration of 10 or 20 μg/ml significantly reduced the enhanced release of IL-8 induced by 5 or 10 μg/ml VP-16. A 25% reduction in the enhanced increase induced by 10 μg/ml VP-16 was observed in the presence of 20 μg/ml MXF (p<0.05). The spontaneous release of VEGF from HT-29 cells grown in serum-free medium for 48 h was 4059±354 pg/ml. MXF at concentrations of 10 and 20 μg/ml inhibited the spontaneous release by 17 and 33%, respectively (Fig. 8B) . VP-16 did not affect VEGF release from the cells. 
Discussion
The study presented here expands our previous observations on the effect of MXF added alone or in combination with the cytotoxic agent VP-16 on purified topo II activity and proliferation of THP-1 and Jurkat cell lines (19) . In the present study we elected to use the more clinically relevant HT-29 human colon adenocarcinoma cell line, and we analyzed, indepth, the intracellular effects of the two drugs on topoisomerase II and performed broad spectrum experiments on proliferation, apoptosis, the cell cycle, signal transduction and pro-angiogenic cytokine expression in this cell line. In our previous study (19) we investigated the effect of the drugs on the activity of purified human topo II enzyme by measuring the relaxation of the supercoiled pUC19 DNA plasmid. We demonstrated that MXF alone slightly inhibited the activity of human topo II, while the combination with VP-16 led to a marked reduction in enzyme activity. The ability of MXF to inhibit purified topo II activity in vitro and to enhance the inhibitory effect of VP-16 does not necessarily indicate that topo II is indeed the target of the drugs within the cell. Therefore, we determined the effect of treating HT-29 cells with 40 μg/ml MXF alone or in combination with 35-50 μg/ ml VP-16 on the activity of cellular topo II. We found that MXF significantly enhanced the inhibition of cellular topo II activity induced by VP-16. To investigate the mode of action by which the combined treatment MXF/VP-16 enhanced the reduction in topo II activity in drug-treated cells, we examined the formation of DNA-enzyme covalent adducts (cleavage complexes). During the process of DNA relaxation by topo II, the enzyme forms transient covalent bonds with DNA. When cells are treated with VP-16, the drug stabilizes these cleavage complexes, prevents religation processes and thus introduces DNA DSBs which enter the cells into apoptosis. Using the band depletion assay for the determination of the DNAtopo II cleavage complexes we showed that MXF by itself slightly increased the formation of DNA-topo II adducts.
However, when MXF was added with VP-16 it enhanced the accumulation of DNA-topo II adducts compared to VP-16 alone. This enhancement might be due to the ability of MXF to increase (althought slightly) DNA-enzyme adducts. This enhancement might be due to additive effects of both drugs or alternatively to changes in topo II conformation by MXF which enhanced the cleavage complexes of topo II-DNA in the presence of VP-16. However, the accumulation of the topo II-DNA cleavage complex will enhance the cytotoxicity of the combined VP-16/MXF treatment.
Therefore, we also defined the functional interaction of the drugs by investigating their effect on the cytotoxic activity towards HT-29 cells. We found that MXF alone at a concentration of 20 μg/ml induced a slight anti-proliferative effect on HT-29 cells (up to 11±0.02% in cell proliferation). In contrast, when the quinolone was added to VP-16, a significant decrease in cell proliferation occurred. It is reasonable to suggest that the anti-proliferative effect of MXF in combination with VP-16 is the result of their combined influence on the topoisomerase as was observed in the previous experiments.
We confirmed previous studies indicating that VP-16 induces cell cycle arrest at G 2 M (31) (at drug concentrations of 0.1-0.5 μg/ml), but also showed that MXF added to higher concentrations of VP-16 (2.5 and 5 μg/ml) induced a decrease in G 2 M, which was accompanied by a marked increase in sub-G 1 demonstrated that VP-16 at a concentration of 1 μg/ml induced cell cycle arrest at G 2 M in K562 cells while at higher concentrations (20 μg/ml) no cell cycle arrest was observed.
In our study we also observed that VP-16 induced an increase in survivin expression and that in the presence of MXF there was a decrease in elevated expression of survivin. Survivin is generally undetectable in differentiated normal tissues. Several reports have demonstrated survivin expression in a variety of human tumor types including colon cancers (32) (33) (34) (35) . Similar to our findings, survivin posttranslational upregulation was found in cancer cells exposed to diverse anti-neoplastic agents, such as adriamycin and paclitaxel (35) suggesting that this change in survivin expression could be a possible general effect of these drugs. Survivin is regulated in a highly cell cycle-dependent manner, with a marked increase in the G 2 M phase (30, 31) . The decrease in survivin expression, observed by us, following exposure of cells to a combination of VP-16 and MXF can be explained by the decrease in G 2 M arrested cells and an increase in the sub-G 1 fraction induced by the combination.
Finally, the increase in apoptosis observed upon coincubation of HT-29 cells with VP-16 and MXF was preceded by an increase in caspase 3 activity, a critical component of the cellular response to genomic instability probably generated by the drug combination.
A possible explanation for this additive effect is the differential mechanisms of action against topoisomerase II conferred by the two drugs. Bromberg et al (36) found that VP-16 acts by inhibiting the ability of topoisomerase II to ligate cleaved DNA molecules, whereas quinolones have little effect on ligation but stimulate the forward rate of topoisomerase II-mediated DNA cleavage. These two distinct mechanisms may work in concert and lead to the observed additive/synergistic cytotoxic effects of VP-16 and MXF.
We showed in the present study that treatment of HT-29 cells with VP-16 induced the release of the pro-inflammatory, pro-angiogenic cytokine IL-8 and that MXF significantly inhibited the VP-16 enhanced production of IL-8. These observations confirm our previous studies that demonstrated significant inhibition by MXF of the synthesis of proinflammatory cytokines in THP-1 cells and in human peripheral blood monocytes stimulated with LPS-phorbol myristate acetate (37) or Aspergillus fumigatus (38) . The combined effect of MXF on inhibition of VP-16-induced IL-8 and of spontaneous secretion of VEGF from HT-29 cells may be an important aspect of MXF activity. These two pro-angiogenic factors have been associated with enhanced tumor progression and with greater tendency and extent of tumor metastases, and their inhibition was shown to favorably affect both parameters (39, 40) .
In summary, this study demonstrated an important role for MXF in enhancing the cytotoxic effects of VP-16 in a human colon carcinoma cell line while, at the same time, decreasing VP-16-induced pro-inflammatory, pro-angiogenic cytokine secretion from cells, that may be harmful during chemotherapy. Our results suggest that MXF might be a valuable new addition to the therapeutic armamentarium, simultaneously improving the cytotoxic activity and reducing the side effects of VP-16 and similar agents. In addition, a reduction in the total dose of the cytotoxic agent may be attained when administered in combination with this quinolone.
